~/ Premature closure of a cranial suture results in skull deformation characterized by inhibited skull growth in a direction perpendicular to the course of the affected suture. Early surgical release of the closed suture results in a "normal" skull morphology. The present experimental study measured alterations in growth at the transverse cranial sutures that occurred following induced premature closure of the coronal suture and its subsequent release in New Zealand White rabbits. Using roentgenocephalometric methods, growth and morphometric changes were monitored at the frontonasal, coronal, and anterior lambdoid sutures following premature closure of the coronal suture at 9 days of age. The results indicated that premature closure of the coronal suture did not result in compensatory (increased) growth at the other transverse sutures of the vault. In fact, growth at these sutures was significantly reduced. This reduced growth at adjacent transverse sutures was not ameliorated by early surgical release of the fused suture.
C
URRENT hypotheses on the development of skull form emphasize the dynamic relationships between the structural components of the skull. The importance of these relationships is readily observed in the cranial deformities involving the premature closure of one or more cranial sutures, namely, craniosynostosis. Alteration in the shape of the skull occurs presumably to accommodate the rapidly increasing volume of the brain. 12 Virchow 21 observed that normal growth of the skull was inhibited in a direction perpendicular to the course of the fused suture, whereas compensatory growth occurred in a direction parallel to the fused suture. Conceivably, the unaffected cranial sutures compensate for the restricted growth at a fused suture. 4,9 However, it is unknown whether the altered growth and shape of the skull is due solely to the prematurely fused suture or also includes altered growth at adjacent parallel sutures. When the fused suture is released by early surgical intervention, there is a rapid correction of the restricted growth at the affected suture and a concomitant correction of skull shape. ~4,15 Again, the growth alteration that occurs at each suture to account for this compensatory response is unknown.
Consequently, the present radiocephalometric investigation was designed to examine whether premature closure of the coronal suture in rabbits results in altered sutural growth at the adjacent transverse sutures of the vault. In addition, we were interested in whether the early surgical release of a prematurely fused coronal suture results in altered growth at the other transverse sutures of the skull.
Materials and Methods

Animals
For this study, 48 newborn New Zealand White rabbits (Oryctolagus cuniculus) were used. Shortly after birth, litter size was limited to seven animals to standardize nutrition for suckling rabbits. Young rabbits were weaned between 6 and 8 weeks of age. All animals were raised under standardized laboratory conditions, with a stock diet and water provided ad libitum.
Metallic Implants
At 9 days of age, the rabbits were anesthetized by an intraperitoneal injection of sodium pentobarbital (20 mg/kg body weight). A midline scalp incision was made and the calvaria exposed. On each side of the frontonasal, coronal, and anterior lambdoid sutures a small incision was made in the periosteum and the tissue retracted. Using a dental burr, small holes were made in the cortical plate of the bones on each side of the three sutures. These holes, just lateral to the midline, were then packed with dental amalgam to form radiopaque markers.
Immobilization of the Coronal Suture
Premature closure of the coronal suture was produced in 24 animals using the procedure described by Persson, et al. 15 The surfaces of the frontal and parietal bones bordering the coronal suture were exposed bilaterally by incision and retraction of the overlying periosteum. Care was taken to leave the periosteum across the sutures intact. The exposed bone surfaces were then roughened with the point of a needle.
Premature closure of the coronal suture was induced by immobilization of the suture with thin layers of methyl-2-cyanoacrylate adhesive (Eastman 910 adhesive) applied bilaterally across the coronal suture. Care was taken to avoid the sagittal suture. The skin incision was closed with interrupted stitches of 5-0 monofilament nylon suture.
The same procedure was repeated on 24 shamtreated animals with the exception that no adhesive was applied.
Experimental Craniectomy
At 30 days of age, 12 of the 24 animals with immobilized coronal sutures were anesthetized by intraperitonealinjection of pentobarbital. The coronal suture area was re-exposed by a midline incision of the scalp. The calvaria was exposed, and a linear W. J. Babler, et aL craniectomy performed. A strip of bone, 4 to 5 mm wide, which included the coronal suture and extended from one parietotemporal suture to the other, was removed. Care was taken not to disturb the fibrous layer of the underlying dura mater. The skin was then closed as described above. The remaining 12 animals retained their immobilized coronal suture for the remainder of the study.
A similar procedure was also performed on 12 of the sham-treated animals, resulting in the removal of a normal, patent coronal suture. The remaining shamtreated animals served as a control group.
Serial Cephalometric Roentgenography
Suture and skull growth were monitored using roentgenocephalometric procedures as described previously. ]5 Lateral cephalograms, taken at a constant film-focus distance, were obtained at 9, 30, 60, 90, 120, and 150 days of age. Growth of the frontonasal, coronal, and anterior lambdoid sutures was recorded as the increased separation between metallic implants on each side of the respective sutures. Measurements were made directly on the radiographic films with a Vernier caliper and recorded to the nearest 0.1 mm. All measurements were made by one individual (W.J.B.).
Three additional skull measurements were taken from each cephalogram in order to quantitate cranial deformation of experimental animals relative to controis. These measurements were ( Fig. 1 ): 1) total skull length --the length of the skull from rhinion (Rh) to inion (I); 2) vault length --the length of the neurocranium from nasion (N) to inion; and 3) vault height --the height of the neurocranium from the midpoint Measurements were duplicated at random to determine the RMS (root mean square) measuring error. This value, calculated from the formula si = x/-]~ d2/2n, where d is the difference between duplicate measurements, was found to be less than 0.1 mm for measurements between implants and less than 0.2 mm for the three skull measurements.
Statistical A nalyses
Growth at the three transverse sutures was recorded as the change in implant separation at a suture between successive cephalograms, for instance, at 9 and 30 days of age. Mean and standard deviation were calculated for growth at each suture for each age interval. The significance of differences between control and experimental groups at each age interval was tested by independent t-test. Similarly, mean and standard deviation were calculated for each of the three cranial dimensions on an age-specific basis. Significance of differences in cranial dimensions were assessed by t-test procedures.
Results
Transverse Cranial Suture Growth after Premature Closure of Coronal Suture and Craniectomy
Coronal Suture. Immobilization of the coronal suture resulted in significant restriction of growth at the coronal suture (Fig. 2) . From 9 to 60 days of age, the normal coronal suture showed a total mean expansion of almost 6 mm, or about 75% of its total growth during the study period. However, animals with an immobilized coronal suture had an average expansion of less than l mm.
Surgical release of the immobilized coronal suture by craniectomy at 30 days of age resulted in accelerated separation of the released parietal and frontal bones (Table 1 ). This accelerated separation of released bones was significantly greater than the rate of separation observed in normal animals. By 90 days of age, the accelerated separation of released bones had compensated for the original restricted growth during the period from 9 to 30 days of age, and the mean implant separation was similar to that in control animals.
Surgical release of a normal coronal suture by craniectomy at 30 days of age also produced a significantly accelerated separation of released bone margins relative to control values. However, the magnitude of accelerated separation was less than that observed after release of an immobilized suture. Nevertheless, the accelerated separation of metallic implants following craniectomy of a normal coronal suture resulted in a significantly greater separation of implants relative to control animals at 150 days of age. Table 2 ). This significant reduction in implant separation was seen primarily during the first 60 days of age at a time when the frontonasal suture was undergoing more than two-thirds of its total growth. This decreased rate of separation resulted in significantly less separation of implants compared with control animals at the end of the study.
Unlike observations at the coronal suture, surgical release of the immobilized coronal suture did not result in an accelerated separation of implants at the frontonasal suture. Rather, the decreased separation of implants at the frontonasal suture remained. Change in marker separation at the frontonasal suture in animals that had an immobilized coronal suture released by craniectomy at 30 days of age was still significantly less than marker separation observed in control animals at 150 days of age.
Surgical removal of a normal coronal suture by craniectomy resulted in a significantly decreased rate of separation of metallic implants at the frontonasal suture during the 30 days immediately following craniectomy. This reduced separation did not resolve later in the study, and resulted in a significant reduction in marker separation at the frontonasal suture compared with control animals at 150 days of age.
Anterior Lambdoid Suture. Immobilization of the coronal suture resulted in a significant reduction in separation at the anterior lambdoid suture as compared to control values (Fig. 4, Table 3 ). Although the absolute difference in separation between control and immobilized animals was only 1 mm at 150 days of age, this represents a 33% reduction in separation at the anterior lambdoid suture associated with premature closure of the coronal suture.
When an immobilized coronal suture was released by craniectomy at 30 days of age, the reduction in marker separation at the anterior lambdoid suture persisted. Although a slightly greater reduction in rate of separation for metallic implants at the anterior lambdoid suture was observed following the coronal craniectomy, no significant difference from the separation rate in immobilized animals was found.
Surgical release of a normal coronal suture resulted in a reduction of growth at the anterior lambdoid suture similar to that observed at the frontonasal suture; however, the reduction was not statistically significant.
Effects of Premature Closure of Coronal Suture and Craniectomy on Craniofacial Dimensions
Premature closure of the coronal suture resulted in a significant deformation of the skull. Figure 5 illustrates the gross skull deformities in rabbits with premature closure of the coronal suture relative to control animals. In general, animals with premature coronal synostosis exhibited about a 5% reduction in both skull length and vault length at 150 days of age compared with controls (Table 4) . No significant change in the height of the vault was observed.
Surgical release at 30 days of age of a prematurely closed coronal suture was followed by accelerated growth in vault length. This resulted in a vault length similar to that in control rabbits at 150 days of age. Unlike vault length, skull length did not show a period of accelerated growth after surgical release of the prematurely dosed coronal suture. Rather, skull length of these animals remained about 5% shorter than in controls. Vault height was unaffected by craniectomy.
Surgical release at 30 days of age of a normal coronal suture did not alter the normal growth patterns of either skull length, vault length, or vault height. 
Discussion
Normal Growth at the Cranial Sutures
During the first 60 days of postnatal life, the rabbit skull undergoes rapid expansion to accommodate a brain mass that increases in size sixfold2 As the brain enlarges, the calvarial bones are passively carried outward. 12,13,22 This spatial movement of calvarial bones results in the physical separation of adjacent bones and stimulates bone formation at the sutural margins. In the present study, approximately 70% of the total implant separation that occurs between 9 and 150 days of age had taken place by 60 days of age. This pattern of growth was true for all three transverse sutures of the vault. In studies of growth at the frontonasal suture in rabbits 42 to 154 days of age, Selman and Sarnat 1~.17 found a similar period of rapid growth prior to 56 days of age. However, our findings suggest that the critical period of rapid growth at the transverse cranial sutures is even earlier. The greatest rate of metallic implant separation for all three sutures is found from 9 to 30 days of age. During these 21 days, approximately 40% of the total implant separation is attained. Therefore, alterations in the normal growth relationships during this short period after birth may produce significant deformity of the skull.
The three transverse sutures of the vault exhibit vastly different rates of growth. In the present study, the rate of metallic implant separation at the frontonasal suture was more than 10 times that of the anterior lambdoid suture. Growth at the coronal suture was intermediate, with a rate of separation less than one-fourth that of the frontonasal suture. Levine H and Erickson and Ogilvie 6 found similar relative rates of growth between the frontonasal and coronal suture for rabbits 55 to 100 days of age. Similarly, Hong, et aL, 1~ using lead acetate staining, reported a rate of growth for the frontonasal suture approximately 10 times that of the coronal and 16 times that of the lambdoid suture in 35-to 44-day-old rabbits.
Premature Closure of the Coronal Suture
The effects of premature closure of the coronal suture on skull growth of the rabbit have been de- scribed previously? ,1~ In general, the anteroposterior length of the skull as measured by either total sutural growth, total skull length, or vault length is shortened, but vault height is not increased. These changes occur in association with significant alteration in the spatial relationships of midface, cranial base, and vault. In this study, premature closure of the coronal suture resulted in virtually no growth at the coronal suture after immobilization. This is in sharp contrast to more than 8 mm of growth at the coronal suture in the sham-treated animals.
When a cranial suture closes prematurely during rapid skull growth, the remaining open sutures are assumed to compensate for the restricted growth at the closed suture. Virchow 21 stated that compensatory growth occurred in a direction perpendicular to the direction of growth restriction. However, what happens to the rate of growth at the cranial sutures that run parallel in direction to the affected suture has not been evaluated fully. The present study indicates that these sutures show reduced growth rather than the expected compensatory increased growth. Both the frontonasal and the anterior lambdoid sutures showed significantly reduced growth after the coronal suture was prematurely closed. The brain is presumably the primary determinant of cranial size. 19,22 Therefore, when a cranial suture closes prematurely, we would expect the remaining patent sutures to compensate for growth restriction at the fused cranial suture. In this study, compensatory growth did not occur at the adjacent parallel sutures. In fact, the deformation of the skull associated with the premature closure of the coronal suture was actually enhanced by additional reduction in growth at the other transverse sutures of the cranial vault. Why this additional reduction occurred is not clear.
Alterations in skull shape associated with the premature closure of the coronal suture included decreases in skull length and vault length. By 150 days of age, these alterations represented a 5% reduction in cranial length relative to control animals. This proportion of anteroposterior foreshortening of the skull is similar to the 8% reduction reported by Bertelsen 4 for oxycephalic adults. When the summed growth at all three transverse sutures was examined, skull length was decreased by about 25% in animals with premature closure of the coronal suture. The reduction in skull length was reflected primarily in decreased lengths of both the frontal and parietal bone. Restricted growth at the coronal suture resulted in a flattening of the cranial base angle and a change in the spatial relationship between the growing midface and vault (see Fig. 5 left) . This malrelationship of midface to vault may explain, in part, the proportionately smaller reduction in skull length (measured as the shortest distance from rhinion to inion) as compared to summed change in sutural growth. While measurement error was slightly greater for skull length (Rh-I, Fig. 1 ) than for separation between implants, this alone cannot explain the more than 5-mm discrepancy between the decreases in summed sutural growth and skull length observed at 150 days of age associated with premature closure of the coronal suture.
While it is generally assumed that coronal synostosis results in a broader and taller cranial vault, the present study found no significant increase in vault height associated with premature coronal synostosis in rabbits. When alteration in vault shape was compared relative to similar midface orientation (see Fig.  5 right) , vault height appeared increased in animals with a prematurely closed coronal suture. Bertelsen 4 attributed the impression of increased vault height to the "special form of the cranium in this malformation," rather than an actual quantitative change. Our findings support this observation.
Although there was a rapid separation of bone margins following removal at 30 days of age of either a normal or prematurely fused coronal suture, the overall length of the vault for these two experimental groups did not differ significantly from control animals at 150 days of age. In animals in which the coronal suture had been prematurely closed, this suggests a spatial reorientation of the deformed vault to a more "normal" shape. For those animals in which the coronal suture had been normal prior to craniectomy, the lack of increase in vault length was apparently due to decreased growth at the frontonasal suture. 3 In both cases, this lack of change in vault length supports the concept that the size of the cranial vault is determined by extrasutural factors, such as the neural mass.
Surgical Release of a Prematurely Closed Coronal Suture
Most neurosurgeons now believe that surgical correction of craniosynostosis during the neonatal period yields superior cosmetic results. 1,5,7,1s,2~ This observation has been supported experimentally in the rabbit. 14,1~ Early release of the fused coronal suture was followed by a period of accelerated separation of the released bone margins. This resulted in a nearly normal repositioning of the released bones, and improved the cosmetic appearance of the skull. However, our findings suggest that early surgical correction does not totally make up for the previous growth restrictions. While the bone margins of the bones adjacent to the coronal suture showed considerable correction, almost no correction of reduced growth at the other transverse cranial sutures was observed. Similarly, although the vault length was restored to nearly normal proportions, total skull length was still reduced after surgical removal of the fused coronal suture. While these findings indicate that surgical release of the prematurely fused suture does indeed correct vault deformity, it may not be sufficient alone to entirely correct the anteroposterior foreshortening of the skull associated with craniosynostosis.
In conclusion, our results show that premature closure of the coronal suture results not only in restricted growth at the coronal suture, but also in decreased growth at the other transverse sutures of the vault, the frontonasal and anterior lambdoid. Early surgical release of a prematurely fused suture facilitated a rapid correction of vault deformity, but there was an incomplete correction of skull foreshortening. In both understanding and managing craniofacial malformations, these findings emphasize the need to view the growing skull as a dynamic system.
